Abstract. Our previous research data showed that type II cGMPdependent protein kinase (PKGII) inhibited EGF-induced MAPK/ERK-mediated signal transduction through blocking the phosphorylation of EGFR caused by EGF. Since EGFR also mediates other MAPK-mediated signal transduction pathways, this study was designed to investigate whether PKGII inhibits EGF-induced MAPK/c-Jun N-terminal kinase (JNK) signal transduction. MCF-7 human breast cancer cells were infected with adenoviral constructs encoding the cDNA of PKGII (pAd-PKGII) to increase the expression of PKGII and treated with 8-pCPT-cGMP to activate the enzyme. Western blotting was applied to detect the phosphorylation/activation of EGFR, JNK, MKK7 and c-Jun. The Pull-down method was used to detect the activation of Ras protein. Co-IP was used to analyze the binding between Grb2 and Sos1. TUNEL staining was used to detect the apoptosis of MCF-7 cells. The results showed that EGF treatment increased the phosphorylation of EGFR, the binding between Grb2 and Sos1, the activation of Ras, and the phosphorylation/activation of MKK7, JNK and c-Jun, but decreased the apoptosis of the cells. Increase of PKGII activity through infection with pAd-PKGII and stimulation with 8-pCPT-cGMP efficiently reversed the above changes caused by EGF. The results suggest that PKGII also inhibits EGF-induced MAPK/JNK-mediated signal transduction and further confirmed that PKGII can block the activation of EGFR.
Introduction
c-Jun N-terminal kinase (JNK), also known as stress-activated protein kinase (SAPK), is a member of MAPK family. JNK can be activated by a variety of environmental stresses, inflammatory cytokines, growth factors and GPCR agonists (1) . Like other MAPK-mediated signal transduction pathway, MAPK/ JNK-mediated pathway has a cascade reaction of kinases, including MAPKKK, MAPKK and MAPK/JNK (2) . MAPKK in this pathway includes MKK4 and MKK7 which can activate JNK through causing dual phosphorylation of this kinase (3) . In the upstream of MAPKK, there are several kinases which can be grouped into MAPKKK, including MAPK/ERK kinase (MEKK) 1, 2, 3, 4, apoptosis signal-regulating kinase (ASK), mixed lineage kinases (MLKs) and TGF-β activated protein kinase (TAK). In MAPK/JNK-mediated signal transduction pathway, the main MAPKKK is MEKK1 (4) . MEKK1 can be activated by active Ras GTPase, a key component of MAPK-mediated pathway. Through the mediation of adaptor proteins such as Grb2 and Sos1, Ras activation is linked to several growth factor receptors, and EGFR is one of them. In the downstream of the pathway, activated JNK can be translocated to the nucleus where it regulates the activity of multiple transcription factors, and c-Jun is one of them (5, 6) . Apoptosis is one of the biological activities of the cells regulated by activated JNK (7, 8) . In the regulation of apoptosis, JNK functions as double-edged sword, depending on cell type, nature of the death stimulus, duration of its activation and the activity of other signaling pathways (9) . cGMP-dependent protein kinases (PKGs) are serine/ threonine kinases and currently two types of PKGs have been indentified in mammalian cells: type I cGMP-dependent protein kinase (PKGI) and type II cGMP-dependent protein kinase (PKGII) (10, 11) . One of the new findings in PKG research is the association of the kinases with proliferation of cells, especially tumor cells. Research data revealed that PKGI could suppress the growth of tumor cells and this kinase has been identified as a tumor suppressor (12) . Recently, we found that the expression and the activity of PKGII in human gastric cancer cell lines were significantly lower than that in normal gastric mucosal cells and increasing PKGII activity through infecting the cancer cells with adenovirus victor encoding PKGII cDNA and stimulating the cells with cGMP analog 8-pCPT-cGMP inhibited the proliferation of gastric cancer cell lines (13) . Further study in our laboratory revealed that the inhibitory effect of PKGII on EGF-induced proliferation of cancer cell was related to the suppressive effect of PKGII on MAPK/ERK-mediated signal transduction pathway and the blocking point was the activation of EGFR (14) . Since EGFR also initiates other MAPK-mediated signal pathways such MAPK/JNK-mediated pathway (15) , it deserves further investigation whether PKGII has inhibitory effect on other MAPK mediated signal pathways except MAPK/ERK mediated pathway. This study was designed to elucidate the possible inhibition of PKGII on MAPK/JNK-mediated signal transduction pathway.
Materials and methods
Antibodies, chemicals and cell lines. Antibodies against pEGFR (Tyr1068) and pMKK7 (Ser271/Thr275) were purchased from Cell Signaling (Danvers, MA, USA). Antibodies against Sos1, Grb2, pan-Ras and β-actin were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies against pJNK1/2/3(Thr183+Tyr185) and p-c-Jun(Ser73) were from Bioworld Technology (St. Louis Park, MN, USA). Antibody against PKGII was from ABGENT Biotechnology (San Diego, CA, USA). Horseradish peroxidase (HRP)-conjugated secondary antibodies were from Jackson Immuno-Research Laboratories (West Grove, PA, USA). Electrochemiluminescence (ECL) reagents were from Millipore (Billerica, MA, USA). Dulbecco's modified Eagle's medium (DMEM) and new-born calf serum (NBCS) were from Gibco (Grand Island, NY, USA).
Human breast cancer cell line MCF-7, adenoviral vectors encoding cDNA of β-galactosidase (pAd-LacZ) and PKGII (pAd-PKGII) were kind gifts from Dr Gerry Boss and Dr Renate Pilz in University of California, San Diego, USA. In Situ Cell Death Detection kit (TUNEL Technology) was from Roche (Roche Diagnostics, Mannheim, Germany).
Western blotting. Protein samples were subjected to SDS-PAGE (8-12%) gel according to the molecular size of target protein, and electrophoresis and membrane transfer was performed following the manufacturer's protocol (Bio-Rad, Hercules, CA, USA). The primary antibodies were incubated overnight at 4˚C in TBS-T (2% Tween-20), and the corresponding secondary antibodies were incubated for 1 h at RT in TBS-T (2% Tween-20), with three washes after each incubation. ECL reagents were used to show the positive bands on the membrane.
Ras activity assay. The activity of Ras was detected with Pull-down method as described previously (16) . In brief, cells growing on 100-mm culture plate were washed three times with cold PBS and lysed by adding 400 µl of the lysis buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 1% NP40, 10% glycerol, 25 mM NaF, 10 mM MgCl 2 , 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM Na 3 VO 4 , 10 µg/ml aprotinin, and 10 µg/ml leupeptin). The sample was collected and centrifuged (14,000 x g/min, 4˚C, 10 min) to remove the debris. The supernatant was incubated with glutathione-Sepharose beads and glutathione S-transferase-Ras-RBD (GST-RBD) at 4˚C for 1 h. The beads were washed 3 times with lysis buffer and heated in boiled water to release proteins. The protein samples (containing active Ras) were analyzed by western blotting with antibody against pan-Ras.
Co-immunoprecipitation.
The cells growing on 100-mm culture plate were washed two times with cold PBS and lysed by adding 1 ml RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Triton X-100, 1 mM EDTA, 1 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 1 mM Na 3 VO 4 ) per plate. Antibodies against Grb2 and Sos1 and isotype matched IgG were used for immunoprecipitation.
Detection of apoptosis.
Terminal deoxynucleotidyl transferasemediated dUTP nick end-labeling (TUNEL) was performed with In Situ Cell Death Detection kit, following the manufacturer's instructions. Briefly, cells grown on 24 well the plate were fixed and endogenous peroxidase activity was quenched with 2% H 2 O 2 for 5 min. The cells were incubated with reaction buffer (containing terminal deoxynucleotidyl transferase (TdT) buffer, TdT, 1 mM Mn
2+
, and fluorescein-labled dUTP) in a humid atmosphere at 37˚C for 60 min. The cells were washed with PBS and incubated with anti-fluorescein antibody conjugated with horseradish peroxidase for 30 min. After rinsing with PBS, the cells were immersed in DAB solution. Under microscope, cells exhibiting brown nuclear staining were taken as apoptotic cells. For each well, five x200 fields were randomly selected and the positive cells in the fields were counted. The average of the positive cell numbers was taken as value of one experiment. The assay was repeated three times.
Results

PKGII prevents EGF-induced Tyr1068 phosphorylation of EGFR. When EGF binds with EGFR, tyrosine 1068 (Y1068) is one of the auto-phosphorylation sites of EGFR.
Phosphorylation of this site is associated with MAPKmediated signaling. In this experiment, we investigated the inhibitory effect of PKGII on the phosphorylation of EGFR (Y1068) in differently treated MCF-7 cells by using western blotting. The results showed that EGF treatment caused an obvious increase of Y1068 phosphorylation of EGFR. In cells infected with pAd-PKGII and stimulated with cGMP, the phosphorylation was significantly decreased (Fig. 1) . This indicated that PKGII prevented the Y1068 phosphorylation of EGFR caused by EGF.
PKGII inhibits the binding between Grb2 and Sos1. Grb2 is a growth factor receptor-bound protein and Sos1 is a guanine nucleotide exchange factor (GEF). Both of them play a role of adaptor protein in MAPK signal pathway. Once they bind each other, the downstream signal component Ras is activated. Co-IP method was applied to detect the binding between these two proteins and the effect of different treatment on the binding. The results showed that EGF treatment increased the binding between Grb2 and Sos1. In the cells infected with pAd-PKGII, stimulated with cGMP and then treated with EGF, the binding level between two proteins was much lower than that of cells infected with pAd-LacZ and treated with EGF only (Fig. 2) . These results revealed that PKGII inhibited the EGF-induced binding between Grb2 and Sos1.
PKGII prevents the activation of Ras and the phosphorylation of MKK7. Same as in MAPK/ERK and MAPK/p38 mediated signal pathways, small G protein Ras is also the key component of the MAPK/JNK mediated pathway. Ras has two forms in cells: GTP-bound activated form and GDP-bound inactivated form. Once Ras is the GTP-bound form, it activates downstream signal component and guides a series of activations of kinases in the signal pathway. In this experiment, the Pull-down method was applied to detect EGF-induced activation of Ras and the effect of PGKII on the activation. The results showed that EGF treatment induced an obvious increase of GTP-bound Ras and increase of PKGII activity effectively prevented EGF-induced Ras activation (Fig. 3) .
MKK7 is a MAPKK downstream of Ras and serves as a specific activator of JNK. During the signal transduction process, active Ras can activate MEKK1, the MAPKKK in MAPK/JNK pathway, and MEKK1 can phosphorylate Ser271/ Thr275 of MKK4/MKK7, the MAPKKs in this pathway. In this study, western blotting was applied to detect the Ser271/ Thr275 phosphorylation of MKK7. The results showed that the level of pMKK7 (Ser271/Thr275) increased obviously in cells infected with pAd-LacZ and treated with EGF, and was much lower in cells infected with pAd-PKGII, stimulated with cGMP and then treated with EGF (Fig. 4) .
The phosphorylation of JNK is prevented by activated PKGII.
In MAPK/JNK-mediated signal transduction pathway, Thr183 and Tyr185 phosphorylation of JNK caused by MEKK is a crucial event. In this study, western blotting with antibodies against JNK and p-JNK (Thr183/Tyr185) was applied to detect the phosphorylation of JNK in EGF-treated MCF-7 cells and the effect of PKGII on this process. Results showed that EGF treatment caused an obvious increase of Thr183/Tyr185 phosphorylation of JNK and the increase of PKGII activity through infecting the cells with pAd-PKGII and stimulating the cells with cGMP efficiently prevented the EGF-induced phosphorylation/activation of JNK (Fig. 5) .
The activated PKGII negatively regulates the phosphorylation of c-Jun (Ser73)
. c-Jun is a member of the Jun family and acts as a component of the transcription factor AP-1 in regulating gene expression. As a target protein of JNK, it can be phosphorylated by this kinase and gains activity. We applied western blotting with antibodies against phosphorylated c-Jun to detect Figure 1 . PKGII inhibits EGF-induced Y1068 phosphorylation of EGFR. MCF-7 cells were infected with pAd-LacZ or pAd-PKGII for 48 h and serum starved o/n. In LacZ+EGF and PKGII+EGF groups, cells were incubated with EGF (100 ng/ml) for 5 min. In pAd-PKGII+cGMP+EGF groups, cells were treated with 8-pCPT-cGMP for 1 h and then with EGF (100 ng/ml) for 5 min. Cells were harvested and lysed as described in Materials and methods and cell lysate was subjected to western blotting. The results showed that the infection with pAd-PKGII caused obvious increase of PKGII expression. EGF treatment induced dramatic increase of phosphorylation of EGFR. Infection with pAd-PKGII+cGMP treatment efficiently inhibited the EGFinduced phosphorylation of EGFR. . EGF induced binding between Grb2 and So-s1 and PKGII inhibited the binding. MCF-7 cells were grown in 100-mm plates and infected with either pAd-LacZ or pAd-PKGII. Then, the cells were serum-starved overnight and treated differently: in pAd-LacZ group, no drug treatment; in pAd-LacZ+EGF group, the cells were incubated with EGF (100 ng/ml) for 5 min; in pAd-PKGII+cGMP+EGF group, cells were incubated with with 250 µM 8-pCPT-cGMP for 1 h and followed by incubating with EGF (100 ng/ml) for 5 min. Co-immunoprecipitation was performed to analyze the effect of EGF and PKGII on the binding between Grb2 and Sos1. The results showed that in EGF-treated cells, the binding level between Grb2 and Sos1 was much higher than that in untreated cells. Higher expression and activity of PKGII significantly inhibited the binding. Figure 4 . PKGII prevents EGF-induced MKK7 phosphorylation. MCF-7 cells were infected with pAd-LacZ or pAd-PKGII for 48 h. The cells were serum starved overnight and treated differently: in pAd-LacZ+EGF and pAd-PKGII+EGF groups, cells were incubated with EGF (100 ng/ml) for 5 min; in pAd-PKGII+cGMP groups, cells were incubated with 100 and 250 µM 8-pCPT-cGMP, respectively, for 1 h, and then incubated with EGF for 5 min. The cell lysate was prepared and western blotting was applied to detect the phosphorylation of MKK7. The results showed that the levels of phosphorylated MKK7 (Ser271/Thr275) in pAd-LacZ-infected and EGF-treated cells was higher than that of pAd-LacZ-infected cells. In cells infected with pAd-PKGII, treated with 8-pCPT-cGMP, and then treated with EGF, the phosphorylation level was much lower than that of pAd-LacZ-infected and EGF-treated cells.
the phosphorylation/activation of c-Jun in EGF treated MCF-7 cells and the effect of PKGII on this process (Fig. 6) . The results showed that in EGF stimulated MCF-7 cells, the level of phosphor-c-Jun increased obviously and PKGII inhibited the phosphorylation/activation of c-Jun.
The activated PKGII induced apoptosis of MCF-7 cells.
One of the biological functions of MAPK/JNK-mediated signal transduction is the regulation of apoptosis of cells. In this study, TUNEL method was applied to investigate the effect of EGF and PKGII on apoptosis of MCF-7 cells. The results showed that EGF treatment reduced apoptosis of MCF-7 cells and high expression and activity of PKGII significantly increased the apoptosis of the cells, reversing the effect of EGF treatment (Fig. 7) .
Discussion
As a structurally and functionally distinct enzyme, PKGII has been typically implicated in several physiological functions including intestinal secretion, bone growth, and learning and memory (17) . However, recent data show that this kinase has some new functions: Nie et al (18) found that PKGII regulated epithelial sodium channels; Rangaswami et al (19, 20) reported that PKGII had an important role in mechano-transduction of osteoblast. A more important finding in research of PKGII is that this kinase has a role in regulating proliferation and apoptosis of cells and is potentially associated with tumorigenesis. For example, Cook et al (21) found that in cultured human prostate cells, PKGII agonist 8-pCPT-cGMP inhibited the proliferation induced by fetal calf serum. They also found that activation of PKGII could induce apoptosis of human prostate cells. In 2009, Swartling et al (22) reported that PKGII inhibited the proliferation of human neuroglioma cells and the inhibition was related to the decrease of the expression of transcription factor Sox9 and the phosphorylation of Akt. In 2011, Fallahian et al (23) reported that cGMP could induce apoptosis of breast cancer cells and this effect was related to PKGII. In our laboratory, the proliferation inhibitory effect of PKGII has been confirmed by several methods including MTT assay, 3 H-labeled thymidine uptake assay, anchorageindependent growth assay, and tumor formation in nude mouse (13) . For the mechanism of the inhibition, we found that PKGII could suppress EGF-induced MAPK/ERK-mediated signal transduction. Of note, our results revealed that PKGII suppressed the signal transduction of the pathway through blocking the activation of EGF receptor, the starting event of the signal transduction process (14) .
Activation of EGFR can start the signal transduction of several pathways, including MAPK-mediated pathway, PI3K/ Akt-mediated pathway, PLCγ1/IP 3 /DAG-mediated pathway, and JAK1/STAT-mediated pathway (24) (25) (26) . The signal transductions of these pathways are related not only to proliferation, but also to apoptosis and motility/migration of the cells. Does PKGII also inhibit the signal transduction of other pathways except the MAPK/ERK pathway and affect other cellular activities except proliferation? Study on these aspects are required to further elucidate the cancer suppression effect and the related mechanism of PKGII. In this experiment, we found that PKGII also suppressed the MAPK/JNK-mediated signal transduction pathway. This further confirmed the inhibitory effect of PKGII on EGF-induced activation of EGFR.
Research data have shown that JNK is a key regulator of apoptosis. JNK activation contributes to TNF-α and UVinduced apoptosis but can suppress apoptosis phosphorylation of the pro-apoptotic Bcl-2 family protein BAD, functioning as a double-edged sword in regulating apoptosis (9) . In our experiment, we found that EGF treatment prevented the apoptosis of MCF-7 cells, and PKGII could reverse the antiapoptosis effect of EGF. This suggests that PKGII not only inhibits the proliferation but also induces the apoptosis of cancer cells and both effects are related to the blocking action of PKGII on EGFR activation.
EGFR is closely associated with tumorigenesis. Overexpression and mutation of EGFR occurs in most cancers (27) . In vitro experiments confirmed that overexpression of EGFR caused transformation of NIH-3T3, Rat-1 and NRK cells and blocking EGFR activation inhibited proliferation of some tumor cells (28) . Furthermore, a clinical study shows that cancer patients with overexpression of EGFR usually have poor prognosis. For example, EGFR overexpression was detected in 60% of non-small cell lung cancer (NSCLC) patients and the prognosis of the patients were poor, with a survival of 4-5 months (29) . Therefore, EGFR is a potential cancer therapy target and methods of inhibiting EGFR activity and related signal transduction, including specific antibodies against EGFR and inhibitors of EGFR, have been intensely studied (30) . Our results show that PKGII can inhibit the activation of EGFR, the consequent signal transductions and the related biological activities such proliferation and apoptosis, providing new clues to the strategy of cancer therapy and strongly suggesting that PKGII is a cancer suppression factor.
